A spontaneous mutant of Streptococcus pneumoniae strain D39 exhibiting elevated ␤-galactosidase activity was identified. We determined that the ␤-galactosidase activity was due to BgaA, a surface protein in S. pneumoniae, and that the expression of bgaA was regulated. Transcription analyses demonstrated expression of bgaA in the constitutive ␤-galactosidase (BgaA C ) mutant, but not in the parent. ␤-Galactosidase expression was induced in the parent under specific growth conditions; however, the levels did not reach those of the BgaA C mutant. We localized the mutation resulting in the BgaA C phenotype to a region upstream of bgaA and in the promoter of a phosphoenolpyruvate-dependent phosphotransferase system (PTS) operon. The mutation was in a catabolite-responsive element (cre) and affected the binding of CcpA (catabolite control protein A), a key regulator of many carbon metabolism genes. The pts operon and bgaA were cotranscribed, and their transcription was regulated by CcpA. Deletion of ccpA altered ␤-galactosidase activity, leading to a sevenfold increase in the parent but a fivefold decrease in the BgaA C mutant. The resulting ␤-galactosidase activities were the same in the two strains, suggesting the presence of a second repressor. The presence of glucose in the growth medium resulted in pts-bgaA repression by both CcpA and the second repressor, with the latter being important in responding to the glucose concentration. Expression of ␤-galactosidase is important for S. pneumoniae adherence during colonization of the nasopharynx, a site normally devoid of glucose. CcpA and environmental glucose concentrations thus appear to play important roles in the regulation of a niche-specific virulence factor.
Streptococcus pneumoniae is a low-GC gram-positive pathogen. It is a major cause of death worldwide, primarily due to invasive diseases, such as pneumonia and bacteremia (1) . It is also a frequent cause of many other infections, including meningitis, otitis media, and sinusitis. Sixty percent of the adult population may be asymptomatically colonized in the nasopharynx by S. pneumoniae (4) . Adaptation to different environmental niches in the host and changes in the expression of many virulence factors lead to the progression from colonization to invasive disease. Environmental sensing leading to changes in virulence gene expression has been shown for many important human pathogens (42, 43) , although the exact mechanisms involved in S. pneumoniae are not well characterized.
The present studies were initiated when a spontaneous mutant of S. pneumoniae that exhibited constitutive ␤-galactosidase activity was identified. S. pneumoniae has a 6,704-bp gene, bgaA, which encodes the 2,235-amino-acid ␤-galactosidase (46) . The protein is surface exposed and anchored to the cell wall via sortase-mediated cleavage at the LPXTG motif. The N terminus contains a putative signal sequence, consistent with the protein being exported. Typical ␤-galactosidases comprise approximately 1,000 amino acids and are cytoplasmic proteins. In BgaA, 365 residues located in the N-terminal half of the protein have homology to the Escherichia coli and Streptococcus thermophilus ␤-galactosidases. The remainder of the protein has no homology to other described proteins.
The function of BgaA has not been well characterized, but it has been reported not to be involved in lactose metabolism (46) . It has been suggested to be involved in digestion of host cell polysaccharides, which may play a role in adherence or host cell interaction (46) . King et al. showed that BgaA is important in adherence to upper-airway epithelial cells in the absence of capsule and that it could aid in the deglycosylation of human secretory component (24) . The latter activity was increased due to increased transcription of bgaA in transparent strains, which exhibit less capsule production and more teichoic acid and colonize the host better than opaque strains (21) (22) (23) . BgaA activity is specific for ␤,1-4 galactose linkages (25) , which can be found in many glycosylated host cell proteins, as well as some S. pneumoniae capsule structures (6, 17, 35) . BgaA is expressed in the host, as demonstrated using convalescent-phase serum (48) , and disruption of bgaA attenuates the virulence of S. pneumoniae in a mouse pneumonia model (14) . These data suggest that BgaA is important for S. pneumoniae adaptation and survival in the host.
One way in which many low-GC gram-positive bacteria, including S. pneumoniae, adapt to changing growth conditions is through catabolite repression mediated by catabolite control protein A (CcpA). The fundamental aspects of this system have been described primarily from studies with Bacillus sp. (reviewed in references 37 and 39). CcpA, a member of the LacI-GalR family, binds to catabolite-responsive elements (cre) located within or near promoters (40) . cre are identified by the sequence TGWAANCGNTNWCA (the underlined nucleotides are involved in binding to CcpA) (18, 19, 31, 41) . If the cre is located within the promoter region or open reading frame, binding of CcpA inhibits RNA polymerase interaction with the promoter or its progression through the DNA, thereby repressing transcription (20) . Binding of CcpA to a cre located upstream of the promoter is proposed to enhance transcription by allowing CcpA to interact with RNA polymerase (38) . CcpA binding to cre is enhanced by the binding of Ser46-phosphorylated HPr to CcpA. HPr is a component of the phosphoenolpyruvate-dependent phosphotransferase system (PTS), which is also regulated by CcpA (37, 39) . The PTS is the main uptake system for sugars in many bacteria. It involves a series of enzymatic reactions that are responsible for the coupling of carbohydrate uptake and phosphorylation. HPr is phosphorylated on His-15 by transfer of the phosphoryl group from phosphoenolpyruvate via enzyme I (EI), which is an event that is not sugar specific. The sugar-specific components of the pathway are designated enzyme II (EII), which can be composed of multiple proteins or a single protein with specific EII domains. The phosphate is transferred from HPr (His-15) to the sugar-specific enzymes IIA (EIIA) and then EIIB, which phosphorylates the sugar upon translocation into the cell. EIIC makes up the channel involved in translocating the sugar across the membrane. When the concentrations of cellular glycolytic intermediates, such as fructose-1,6-bisphosphate, are increased, HPr kinase phosphorylates HPr on the Ser-46 residue. Upon Ser-46 phosphorylation, HPr is not a good substrate for EI in the PTS pathway but can interact with CcpA to enhance its binding to cre. When a preferred PTS sugar, such as glucose, is present, CcpA represses the transcription of other PTS transporters. bgaA is located downstream of a PTS operon, and putative cre are located upstream of both bgaA and the PTS operon.
Catabolite repression in bacilli, as well as streptococci, may involve many additional levels of regulation. For multiple streptococcal species (9, 11, 16, 33, 47) and Lactobacillus casei (12) , CcpA (also referred to as RegM [11, 33] ) is not responsible for all catabolite repression. For example, in Streptococcus mutans, disruption of ccpA results in increased glucose repression of enzymes involved in carbohydrate utilization (33) . In Streptococcus gordonii, the arginine deaminase system (ADS) involves multiple levels of regulation (9, 47) . Here, regulation involves both CcpA and ArcR, which is an activator of the ADS. The two regulators share overlapping binding sequences in the promoter regions, which results in CcpA inhibition of RNA polymerase binding, as well as ArcR binding (47) . The results of previous studies of S. pneumoniae suggested that CcpA regulates both ␤-galactosidase and ␣-glucosidase but is not involved in glucose repression of either of these enzymes (11) . Further studies by Iyer et al. using a different strain of S. pneumoniae suggested that glucose repression of ␤-galactosidase was partially mediated via CcpA; however, a secondary regulator was also involved (16) . In contrast, glucose repression of ␣-galactosidase, ␣-glucosidase, and ␤-glucosidase was not mediated by CcpA. In both studies, CcpA was shown to be important in virulence (11, 16) . The results from the streptococcal systems suggest a complex regulatory network involving CcpA, as well as secondary regulators, that allows rapid adaptation to changing environments in the host.
The two previous reports regarding S. pneumoniae noted a role for CcpA in the repression of ␤-galactosidase activity, but the mechanism for repression was not known (11, 16) . In this study, we identified a mutant exhibiting constitutive ␤-galactosidase activity. Characterization of this mutant allowed us to determine that CcpA controls ␤-galactosidase activity through regulation of the PTS-encoding operon located upstream of bgaA. We also show that glucose regulates bgaA expression through both CcpA-dependent and -independent mechanisms.
MATERIALS AND METHODS
Bacterial strains, plasmids, and growth conditions. The strains and plasmids used in this study are shown in Table 1 Where indicated, catalase and 5-bromo-4-chloro-3-indolyl-␤-D-galactopyranoside (X-Gal) were added to final concentrations of 5,000 U (Worthington Biochemicals) and 0.25 mg/ml, respectively. Where applicable, media were supplemented with erythromycin (Em) or kanamycin (Km) at concentrations of 0.3 g/ml and 250 g/ml, respectively. E. coli strains were maintained in L broth or on L agar supplemented as needed with ampicillin (Ap), Km, or Em at concentrations of 50, 50, and 300 g/ml, respectively.
Deletion of bgaA and ccpA. Allelic exchange was used to generate deletions in bgaA and ccpA. To construct plasmids for generating bgaA deletions, PCR fragments flanking bgaA were generated using S. pneumoniae constitutive ␤-galactosidase (BgaA C ) mutant chromosomal DNAs as templates. Chromosomal DNA was extracted using QIAGEN genomic tips, as described by the manufacturer (QIAGEN). The upstream and downstream regions obtained using primer pairs F-UpBgaA/R-UpBgaA and F-DownBgaA/R-DownBgaA, respectively (Table 2), were initially cloned separately in pCR2.1 (Invitrogen). The cloned fragments were excised from pCR2.1 by digestion with EcoRI, which is contained in the multiple cloning site of the vector, and KpnI. The latter restriction site was generated by addition of the KpnI recognition sequence to the PCR primers R-UpBgaA and F-DownBgaA, which were used in the initial amplification. The excised fragments were cloned together in the S. pneumoniae suicide vector pJY4164. The deletion plasmid (pGK538) was maintained in DH5␣FЈ, and the appropriate construction was confirmed by sequencing. pGK538 was transformed into competent S. pneumoniae, and the transformation mixture was plated on THY agar plates in the absence of antibiotic selection for the plasmid. For deletion of bgaA in strains constitutive for ␤-galactosidase activity, colonies were screened on plates supplemented with X-Gal and catalase to identify white isolates, indicative of loss of ␤-galactosidase expression. Deletion of bgaA by allelic exchange in these isolates was confirmed by PCR. For deletion of bgaA in strains that exhibited low ␤-galactosidase activity, the transformation mixture was plated in the absence of selection on D agar supplemented with X-Gal and catalase, where the cells exhibit more ␤-galactosidase activity than on THY agar. Colonies that appeared reduced in ␤-galactosidase activity were patched onto D agar plates supplemented with X-Gal and catalase. They were screened for deletion of bgaA by colony PCR, in which 10 patches were suspended in 300 l of water and then boiled for 10 min. Three microliters of the mixture was used in a PCR with the primer pair F-UpBgaA/R-DownBgaA, and the resulting products were screened for reduction in size.
The plasmid construct for deletion of ccpA was generated in a manner similar to that for the bgaA deletion construct. The primer pairs used for amplification of the flanking regions were F-UpCcpA1/R-UpCCpa2 and F-DownCcpA3/RDownCcpA4 (Table 2 ). To allow selection of ccpA deletions, a Km resistance marker (aphA-3) was inserted between the upstream and downstream flanking regions using the restriction enzyme BglII, as described previously (44) .
Linkage analysis. For linkage analyses, insertion-duplication was used to place an Em resistance marker either 3 kb upstream, 0.5 kb downstream, or 15 kb downstream of bgaA. Target DNA fragments were cloned into pJY4164 to generate plasmids pGK641, pGK530, and pGK547 (Table 1) . Recipients transformed with the plasmids were selected by plating them on blood agar plates containing Em. Competence was induced as described previously (13) , except that cultures were incubated only 2 to 2.5 h prior to being plated. The location of the insertion-duplication in the expected sites was confirmed by PCR. For linkage analyses, either intact or restriction-digested chromosomal DNA from the marked strains was transformed into recipient strains. Em-resistant isolates were selected on THY agar plates supplemented with Em and catalase. Emresistant transformants were screened for the ␤-galactosidase phenotype by plating them on THY-catalase-Em plates supplemented with X-Gal.
␤-Galactosidase assays. ␤-Galactosidase activity was determined as described by Miller (28) . Briefly, cultures were grown to mid-exponential phase (cell density, 3 ϫ 10 8 CFU/ml). A 0.2-ml aliquot of the culture was added directly to 0.8 ml Z buffer (28) , and the suspension was incubated at 30°C with 0.2 ml of 4 mg/ml o-nitrophenol-␤-D-galactopyranoside. Reactions were stopped by the addition of 0.5 ml of 1 M Na 2 CO 3 . Activity was calculated in Miller units, as described previously (28) .
Transcription analysis. Total RNA was isolated from a 50-ml culture grown in THY using a hot-acid phenol extraction, as described previously (10) . RNA concentrations were determined using UV spectrophotometry. Transcript levels were determined using slot blotting (3). Briefly, samples were diluted to 3 and 0. 
Life Technologies (Table 2) , which were added directly to the membranes in the high-SDS hybridization buffer. To remove nonspecifically bound probe, the membranes were washed twice with 2ϫ SSC containing 0.1% SDS for 15 min at room temperature and then twice with 0.5ϫ SSC containing 0.1% SDS for 15 min at 65°C. The blots were developed using the Anti-DIG-AP Fab fragments (Roche) and the Phototope-Star Detection Kit for Nucleic Acids (New England BioLabs). The relative levels of transcript were determined by densitometry using ImageJ software (http://rsb.info.nih.gov/ij). A pspA probe was used as an internal control to ensure equal loading (13) . Electrophoretic mobility shift assays. To clone ccpA, the open reading frame was PCR amplified with primers that contained restriction enzyme sites for XhoI and NdeI on the 5Ј ends of the forward and reverse primers, respectively (FCcpAORF/R-CcpAORF) ( Table 2) . After NdeI and XhoI digestion, the PCR product was ligated into pET20b to generate a C-terminal His tag, and the ligation mixture was transformed into BL21-AI (Invitrogen). To induce ccpA expression, arabinose (2% final concentration) was added to a 50-ml culture at late exponential growth phase. CcpA was purified under nondenaturing conditions in wash/extraction buffer using a cobalt resin (Clontech) to affinity purify the His-tagged protein, as described by the manufacturer. Protein eluted from the cobalt column was dialyzed overnight at 4°C in 1ϫ phosphate-buffered saline (342.5 mM NaCl, 6.75 mM KCl, 13.5 mM Na 2 HPO 4 , and 4.5 mM KH 2 PO 4 ) containing 10% glycerol. The purified protein was stored at Ϫ80°C. For cellularlysate preparation, D39 was grown to mid-exponential phase in THY and concentrated 10-fold. The cells were lysed by incubation at 37°C in 0.01 M Tris (pH 8) containing 0.5% sodium deoxycholate with protease and nuclease inhibitors. The promoter regions of the pts operons (positions Ϫ206 to ϩ10) were PCR amplified from the indicated strains using primers F-PTSpro2/R-PTSpro ( Table  2 ). The purified PCR products were DIG labeled as described by the manufacturer (Roche; DIG gel shift kit). Labeled probes (0.8 ng) were incubated with increasing concentrations of purified CcpA in binding buffer (10 mM Tris-HCl, pH 7.4, 1 mM dithiothreitol, 1 mM EDTA, 50 mM KCl, 5% glycerol, 50 g/ml bovine serum albumin, 0.05% Nonidet P-40) for 20 min at 37°C (19) . After incubation, samples in bromophenol blue loading buffer were separated by electrophoresis using 5% acrylamide gels in 1ϫ Tris-borate-EDTA buffer, pH 8.0 (10.8 g Tris-HCl, 5.55 g boric acid, 0.74 g EDTA) that had been prerun in 1ϫ Tris-borate-EDTA. The samples were electroblotted from the gels onto ZetaProbe positively charged nylon membranes (Bio-Rad). The membranes were UV cross-linked (Stratagene) and developed using chemiluminescence, as described for the DIG gel shift kit (Roche). Chemiluminescent images were viewed using an EpiChemi 3 DarkRoom (UVP).
RESULTS
Isolation of ␤-galactosidase constitutive mutants. Previous studies of the S. pneumoniae capsule serotype 2 strain D39 demonstrated a low level of bgaA-encoded ␤-galactosidase activity (ϳ5 Miller units) (24) . Analysis of a D39 stock culture in our laboratory that was originally obtained more than 20 years ago (26) revealed the presence of both ␤-galactosidase-positive and apparent ␤-galactosidase-negative isolates, as determined by plating them in the presence of the chromogenic substrate X-Gal to identify blue and white colonies, respectively. Following growth in THY liquid medium to a density of ϳ3 ϫ 10 8 CFU/ml, the ␤-galactosidase activity of the white isolates was 2 to 5 Miller units, whereas that of the blue isolates was 60 to 75 Miller units. Deletion of bgaA in the white and blue isolates demonstrated that BgaA was responsible for the activities observed in both. As described below, the elevated ␤-galactosidase activity was found to be due to constitutive expression of bgaA; therefore, these isolates are referred to as BgaA C . The isolates producing low levels of ␤-galactosidase are considered to be the wild type and are therefore referred to as D39.
We initially chose a single BgaA C isolate (GK1000) for further characterization. D39 and the constitutive strain exhibited similar growth rates in THY. Restriction digests of chromosomal DNAs with HindIII yielded identical patterns for the two strains (data not shown). The size and monoclonal antibody reactivities of the surface protein PspA, which is size and antigenically variable among strains (7), were also identical (data not shown). These results indicated that the BgaA C strain was a D39 derivative. RNA analyses demonstrated elevated transcription of bgaA in the BgaA C mutant (see below), but no mutations were evident in the bgaA promoter region (data not shown). We therefore undertook linkage analyses to localize the mutation(s) responsible for the altered ␤-galactosidase levels. To determine if the mutation was located in bgaA, we introduced the D39 bgaA chromosomal region into the BgaA C derivative GK159, in which bgaA had been deleted. The ability to isolate BgaA C transformants with this cross would indicate that the mutation leading to this phenotype was not located in bgaA. For linkage analyses, an Em marker was inserted 475 bp downstream of bgaA in D39, and chromosomal DNA from this strain (GK157) was used to transform GK159. Among the Em-resistant transformants, 11% exhibited the BgaA C phenotype, as determined by blue-white colony screening on X-Gal plates. We next introduced the same Em insertion downstream of bgaA in the original BgaA C mutant (GK1000) and transformed DNA from this strain (GK155) d Primer also contains an EcoRI restriction site and additional nucleotides at the 5Ј end (GGAATTCC; restriction site underlined).
e Primer also contains a KpnI restriction site (GGTACC) at the 5Ј end. f Primer also contains a BglII restriction site and additional nucleotides at the 5Ј end (GAAGATCT; restriction site underlined).
g Primer also contains an XhoI restriction site and additional nucleotides at the 5Ј end (CCGCTCGAG; restriction site underlined).
h Primer also contains an NdeI restriction site and additional nucleotides at the 5Ј end (GGAATTCCATATG; restriction site underlined).
into D39. Here, 25% of the Em-resistant transformants exhibited the BgaA C phenotype, indicating that the mutation was closely linked to bgaA. Further linkage analyses utilized derivatives of the BgaA C strain that contained Em markers located at various sites around bgaA. Following transformation of D39 with DNA from the BgaA C derivative GK311, which contained the Em marker 3 kb upstream of bgaA, 89% of the Em-resistant transformants exhibited the BgaA C phenotype. Using restriction enzyme-digested DNA from GK311 in further transformations of D39, the mutation was localized to a 4-kb region (Fig. 1) . Transformation of D39 with PCR products derived from this region showed that the mutation was in a region located immediately upstream of bgaA and containing genes encoding PTS enzymes. These enzymes have homology to putative fructose and galactitol transporters in Clostridium acetobutylicum and Streptococcus agalactiae (ϳ38% identity; ϳ65% positives) and to a putative galactose transporter from Streptococcus pyogenes (41% identity; 63% positives). Sequence analyses identified a single point mutation located between the Ϫ35 and Ϫ10 sequences of the putative promoter for the pts operon. This region contains a putative cre (Fig. 2A) . Sequence analyses of the pts promoter regions from 10 additional BgaA C isolates purified from the primordial stock demonstrated that 6 of the isolates contained the same G-to-C transversion mutation found in GK1000, while the remaining 4 isolates contained a C-to-T transition mutation (GK1001) of the nucleotide immediately upstream of this position ( Fig. 2A) . Thus, two independent mutants appear to have arisen during the passage of FIG. 1. Mapping of mutation leading to the BgaA C phenotype. Restriction fragments from the BgaA C strain GK311 were transformed to D39. Em r transformants were screened for the blue colony BgaA C phenotype by plating them in the presence of X-Gal. Cotransformation of the BgaA C phenotype with Em r represents close linkage to the antibiotic marker. In transformations of D39 with PCR products, the transformation mixtures were plated in the presence of X-Gal and the percentage of blue colonies was determined. Transformation of the BgaA C phenotype with the PCR fragments indicates that the mutation is located in the specific fragment. EIIA, EIIB, and EIIC encode PTS enzymes for sugar transport.
FIG. 2. Transcription of the pts-bgaA region. (A)
pts promoter region. ‫,ء‬ point mutation (G3C) in the original BgaA C mutant GK1000 and derivatives; ϩ, point mutation (C3T) in a second mutant, GK1001, and derivatives. The cre consensus sequence is aligned below the pts promoter. Underlined amino acids are important in CcpA binding (31, 41) To confirm that the G-to-C mutation was responsible for the BgaA C phenotype in GK1000, an isogenic derivative (GK315) was obtained by transforming D39 with a 1-kb PCR product amplified from GK1000 and encompassing the mutation. Approximately 0.4% of the colonies on X-Gal plates were blue, indicating introduction of the BgaA C phenotype. Sequence analysis of the 1-kb region in the recipients confirmed that the only mutation occurred in the pts promoter. Subsequent studies were performed with the isogenic derivative GK315, except where stated.
Cotranscription of pts and bgaA. To determine whether the constitutive transcription of bgaA in the BgaA C mutant GK315 was due to a cis effect of the mutation in the pts promoter, we analyzed the effect of insertion-duplication mutations in and around the pts operon. Polar insertion mutations either in the pts operon (Fig. 2B, insertion 1) or between the pts operon and bgaA (Fig. 2B, insertion 2 , Em) eliminated ␤-galactosidase activity (Fig. 2C) . However, when a nonpolar Km resistance marker lacking transcription termination sequences was inserted between the pts operon and bgaA, ␤-galactosidase activities were unchanged from the D39 and BgaA C parents ( Fig.  2B and C, insertion 2, Km) . RT-PCR analysis confirmed that bgaA and the upstream pts operon were located on the same transcript (Fig. 2D) , and RNA slot blotting demonstrated that the insertion in the pts operon eliminated the bgaA transcript (data not shown). The region between the pts operon and bgaA does not contain any apparent transcription termination sequences, but a near-consensus promoter is located 14 nucleotides upstream of the putative BgaA start codon and a Box element is located between pts and bgaA. Box elements in S. pneumoniae have been predicted to contain secondary structure, but their function is unknown (27) . Deletion of the Box element in D39 had no effect on ␤-galactosidase activity (data not shown). Thus, under the conditions examined, the bgaA promoter was not utilized, and the BgaA C phenotype resulted from cotranscription of bgaA with the pts genes from the pts promoter.
CcpA binding to the pts promoter. Because the point mutations affecting bgaA expression were located in a putative cre overlapping the Ϫ35 region of the pts promoter, we used gel shift assays to examine the interaction of CcpA with this region amplified from D39 and the BgaA C mutants, GK1000 and GK1001, containing the two different point mutations. Efficient binding of CcpA to the D39 pts promoter was observed, but very little binding occurred with the BgaA C mutants (Fig.  3) . With the D39 pts promoter, binding was shown with CcpA protein levels as low as 3.75 ng, whereas levels as high as 50 ng were not sufficient to bind the BgaA C pts promoters (data not shown). This result suggested that CcpA binding normally represses pts and bgaA expression and that the mutations led to a decreased affinity of CcpA for the cre. We did not detect binding of CcpA to the bgaA promoter region, although a potential cre was located in this region (data not shown).
Alteration of pts-bgaA expression and ␤-galactosidase activity by deletion of ccpA. Since the transcriptional regulator, CcpA, binds to the pts promoter and coregulates bgaA, we examined the effect of the deletion of ccpA on bgaA and pts transcription. In D39, the deletion resulted in an increase in both transcript levels, whereas in the BgaA C mutant, decreases occurred for both (Fig. 4A) . As a result, the respective transcript levels in the two strains were the same. We also examined levels of ␤-galactosidase activity in the ccpA deletion strains. The result was similar to the transcriptional analysis, so that the levels of ␤-galactosidase activity were the same for the D39 and BgaA C ccpA mutants (Fig. 4B, ⌬ccpA) . To confirm that the ␤-galactosidase activity and bgaA expression in the   FIG. 3 . CcpA binding to the pts promoter. Electrophoretic mobility shift assays were used to determine if the point mutation identified in BgaA C resulted in altered binding of CcpA. Purified CcpA (15 ng) incubated with DIG-labeled D39 or BgaA C pts promoter DNAs was electrophoresed on a 5% nondenaturing acrylamide gel. The labeled DNA was detected by chemiluminescence. ccpA deletions were not due to expression from the promoter immediately upstream of bgaA, pts was disrupted in the deletion strains. As shown in Fig. 4B , ␤-galactosidase activity was lost in these strains (pts insertion 1, ⌬ccpA). The results of these experiments suggested that there was a second repressor of pts and bgaA expression. Binding of the second repressor to the pts promoter. Total cellular lysates from D39 were used in gel shift assays to detect binding of the second repressor to the pts promoter region. Incubation of the D39 pts promoter in the presence of either lysate or lysate plus purified CcpA yielded a band slightly higher than that observed with the purified CcpA alone (Fig. 5,  lanes 1 to 3) . The increased size of the protein-DNA complex may have been due to the presence of HPr in the cellular lysate, which would interact with CcpA in binding to the pts promoter, or to the binding of both CcpA and the second repressor. In the absence of purified CcpA, a smaller and less intense band was also observed following incubation of the D39 pts promoter with cellular lysate alone (Fig. 5, lane 3 , PTS plus SF). A more intense band of this same size was present in reactions with the BgaA C pts promoter using lysate or lysate plus purified CcpA (Fig. 5, lanes 5 and 7) . In these experiments, weak binding of purified CcpA to the BgaA C pts promoter was observed in the absence of lysate (Fig. 5, lane 6) . These results suggested that the D39 pts promoter had a higher affinity for CcpA than for the second repressor but the BgaA C mutant pts promoter had a higher affinity for the second repressor.
Regulation of ␤-galactosidase activity by carbon source. The regulation of pts and bgaA by CcpA led us to examine conditions that might affect expression of these genes. Since both were cotranscribed, we utilized ␤-galactosidase activity from BgaA as a measure of expression. The standard growth medium (THY) used in the prior studies contained 0.2% glucose. By using a semidefined growth medium and altering the sugar source, we found that glucose mediated repression of pts-bgaA expression. For D39, but not the BgaA C mutant, repression was observed with increasing glucose concentrations (Fig. 6A) . When ccpA was deleted, similar levels of repression were observed with both strains, and they were elevated over that observed for the CcpA ϩ D39 (Fig. 6B) . These results suggested that glucose repression of the pts-bgaA operon involved both CcpA and the second repressor and that repression with increasing glucose concentration was due primarily to the second repressor and not CcpA. The fact that repression occurred in the BgaA C mutant when ccpA was deleted again suggested that weak binding of CcpA to the mutant cre affected binding of the second repressor to its recognition sequence in the promoter region. Because the PTS operon upstream of bgaA has homology to putative galactose, galactitol, and fructose transporters, we next examined ␤-galactosidase activities during growth in these sugars and in lactose, as their uptake is mediated by phosphoenolpyruvate-dependent PTSs. As shown in Fig. 6C for both D39 and the BgaA C mutant, high levels of ␤-galactosidase activity were seen when no sugar was added, and activity increased during growth with galactose, galactitol, and, for BgaA C , lactose. ␤-Galactosidase activity for D39 never reached the level of the BgaA C mutant. As shown for glucose in Fig. 6B and lactose in Fig. 6C , deletion of ccpA resulted in identical ␤-galactosidase levels for D39 and the BgaA C mutant due to increased activity in the former and decreased activity in the latter. For the ccpA deletions, ␤-galactosidase activities were the same during culture with lactose or no sugar, indicating that the observed activity in these mutants was the result of a lack of repression by glucose and not induction by lactose (Fig. 6C) .
During growth of D39 in glucose or lactose, we observed increased ␤-galactosidase activity in the early stationary phase growth (approximate 10-and 17-fold increases, respectively, over mid-exponential phase), as previously reported for growth in glucose (24) . ␤-Galactosidase activity in the BgaA C mutant remained essentially constant throughout growth in glucose but increased approximately twofold in lactose upon entering stationary phase.
Effects of pts mutation on growth. We examined the effect of an insertion mutation in the D39 pts on growth in glucose and galactose, as the PTS transporter had homology with a putative galactose transporter in S. pyogenes and was cotranscribed with ␤-galactosidase, an enzyme that cleaves terminal galactose residues. The mutation affected growth in both sugars, and the mutant appeared unable to initiate growth in the presence of galactose only (Fig. 7) . Growth was also slowed in rich medium (THY; data not shown). Similar results were obtained for the BgaA C constitutive mutant GK315 and its pts insertion mutant (GK339) in glucose, galactose, and THY (data not shown). In contrast to this PTS, several of the other PTSs in D39 do not contain all of the components for sugar transport (15, 36) . Therefore, this PTS may be important for the uptake of many sugars, possibly explaining the growth defects of the pts insertion mutants.
␤-Galactosidase activities in other strains. A wide variation in ␤-galactosidase activities was seen among other S. pneumoniae strains (Fig. 8) . NCTC7466 is another D39 isolate that is separated by many years from our D39 (26). It exhibited the same level of ␤-galactosidase activity and the same promoter region sequence as our strain (by comparison with the available genome sequence) (15) . From the genome sequence of TIGR4 (36) and sequence analyses of the capsule type 2 strains BG12738, BG12758, ASL-940, and SP-81, we found that all had pts promoter and cre regions identical to that of D39 (shown in Fig. 2A) . The high levels of ␤-galactosidase activity in some strains, such as ASL-940 and SP-81, may therefore reflect the influence of other factors, possibly including the second repressor involved in ␤-galactosidase regulation, that vary between strains.
DISCUSSION
We have shown that a point mutation in the promoter region of the pts operon upstream of bgaA leads to constitutive ␤-galactosidase activity. The point mutation is located between the Ϫ35 and Ϫ10 sequences of the pts promoter in a cre. The G-to-C transversion mutation in the BgaA C mutants, GK1000 and GK315, altered the ability of CcpA to bind the cre and repress expression of the pts operon and bgaA. This residue, as well as the C immediately upstream and corresponding to the point mutation in GK1001, are universally conserved in cre (29, 41) . Both residues are critical for interaction with CcpA, as the conserved Leu55 in CcpA intercalates between them to effect minor groove expansion (31) . Binding of CcpA to the cre can inhibit transcription by inhibiting the binding of RNA polymerase (20) . We found that the point mutations in the BgaA C mutants decreased the affinity of CcpA for the cre. These alterations apparently resulted in a reduced ability to inhibit RNA polymerase binding, thereby leading to constitutive transcription of the pts operon and bgaA.
The pts operon and bgaA are contained on the same transcript, as demonstrated by RT-PCR and the elimination of ␤-galactosidase activity by the insertion of a terminator between the pts operon and bgaA. CcpA thus represses ␤-galactosidase expression by binding to the promoter region of the upstream pts operon. A second repressor was revealed when ccpA was deleted in the D39 parent and the BgaA C mutant strains. In the BgaA C mutant, weak binding of CcpA appeared to reduce binding of the second repressor, leading to high levels of pts-bgaA expression and ␤-galactosidase activity. When ccpA was deleted, the second repressor was able to bind, thereby reducing pts-bgaA expression. Repression in D39 may occur by simultaneous binding of both CcpA and the second repressor or the two repressors may bind independently. As with the mutant strain, deletion of ccpA in D39 allowed binding of only the second repressor, which did not repress pts-bgaA expression to the level observed when CcpA was present. Since the second repressor could bind to both the parent and mutated pts promoter regions, it must not recognize the same sequence as CcpA. It does, however, bind in the same region as CcpA, as shown by the fact that deletion of ccpA allowed repression of bgaA expression in the BgaA C mutant, which was identical to that observed with the parent. The possibility of a second repressor was suggested in studies with the TIGR4 S. pneumoniae strain (16), although we do not know whether the two repressors are the same. In the S. gordonii ADS, the binding sequences for CcpA and the second regulator, ArcR, overlap (47) , possibly similar to what we observed. The ArcR binding sequence is not, however, present in the region containing the binding site for the S. pneumoniae second repressor (unpublished observations).
Our results demonstrate that glucose-mediated repression of bgaA occurs through both CcpA and the second repressor. CcpA-mediated repression of ␤-galactosidase activity in the presence of glucose was also noted using the S. pneumoniae TIGR4 strain (16) . In contrast, it was concluded that glucose was not involved in CcpA-mediated repression of ␤-galactosidase activity in S. pneumoniae D39 (11), the same strain we used in the present studies. The discrepancy appears to relate to the effect of the second repressor, which may have obscured the effect of glucose in the earlier studies (11) . When ccpA is deleted, binding of the second repressor still allows some glucose-mediated repression to be observed. The effect of the second repressor was also seen during culture with other sugars. During growth in lactose, the ␤-galactosidase activity of the D39 ccpA deletion mutant was elevated over that of D39 and was similar to that observed for the ccpA deletion mutants in the absence of added sugar. However, the highest ␤-galactosidase activity was observed with the BgaA C mutant grown in lactose, galactose, or galactitol. This activity appears to result from both ineffective CcpA repression (due to the mutation in the cre) and ineffective repression by the second repressor (due to reduced accessibility to its binding site as a result of weakly bound CcpA). The difference in ␤-galactosidase levels between the BgaA C mutant and the ⌬ccpA mutants grown in lactose, therefore, appears to reflect the activity of the second repressor. Regulation of ␤-galactosidase expression may therefore involve multiple levels of repression, including that relating to the presence of glucose, and the activities of CcpA and the second repressor. Full alleviation of repression may occur when neither CcpA nor the second repressor is active, such as when glucose is absent and another PTS sugar is present. To date, we have not identified the second repressor but have shown that it is not the S. pneumoniae homologue of the global transcriptional regulator CodY that is found in many gram-positive bacteria and which, in Bacillus subtilis, binds near CcpA and has an additive effect (32, 34) (unpublished data).
CcpA-mediated catabolite repression allows gram-positive bacteria to utilize the most efficient carbon source available for growth through a hierarchy in which expression of PTS transporters involved in the utilization of less effective sources is repressed (8) . Glucose is usually at the top of this hierarchy, and its ability to repress pts-bgaA expression fits well with the niches occupied by S. pneumoniae and the functions proposed for BgaA. S. pneumoniae is a normal and frequent colonizer of the nasopharyngeal cavity (4), a site where there is little to no glucose (30) . Glucose levels are similarly low in healthy lungs (5), but higher levels occur during infection (30) and in the bloodstream. BgaA has previously been shown to cleave human glycoproteins and to be important in adherence by S. pneumoniae (24) . In glucose-deficient sites, repression of pts-bgaA by CcpA and the second repressor would be relieved, resulting in high-level expression of ␤-galactosidase and the PTS. Cleavage of galactose from host glycoproteins by BgaA and its transport into the cell by the PTS would allow S. pneumoniae not only to adhere, but also to persist. Elevated glucose concentrations in the lung or other sites of dissemination would lead to repression of pts-bgaA expression by CcpA and the second repressor. CcpA, and possibly the second repressor, may therefore play central roles in regulating the transition from colonization to systemic infection.
